Introduction {#sec1}
============

Organometallic trihalide perovskite materials (CH~3~NH~3~PbX~3~, MAPbX~3~, X = I, Br, and Cl) and optoelectronic devices have attracted considerable research attention because of their high-power conversion efficiency (\>20%) in solar cells.^[@ref1]−[@ref5]^ Among these materials, MAPbX~3~ perovskites show excellent optoelectronic characteristics^[@ref6]−[@ref9]^ and have great potential for luminescent devices, such as light-emitting diodes (LEDs) and lasing devices.^[@ref10]−[@ref16]^ The improved light-emitting efficiency of these devices is related to the morphology and the grain size of MAPbX~3~ perovskite layers, which are very sensitive to the synthesis method, composition, and structural details.^[@ref13],[@ref17],[@ref18]^ Cho et al.^[@ref13]^ introduced the nanocrystal pinning method to produce fully covered MAPbX~3~ perovskite nanocrystals and dramatically increased the current efficiency of MAPbX~3~ perovskite LEDs (PeLEDs). Chih et al.^[@ref18]^ introduced a NiO~*x*~ hole injection layer and methylamine gas treatment to, respectively, improve the carrier injection and the quality of MAPbX~3~ perovskites, and found increases in the emission efficiency of the resulting PeLEDs.

Considering that small grain-sized MAPbX~3~ perovskite is beneficial for the emission efficiency of PeLEDs, large organic ammonium cations or long alkyl chains as organic capping ligands have recently been introduced as a replacement for methyl ammonium (MA) cations to modify the conventional three-dimensional crystal structure of MAPbX~3~ perovskite into two- or zero-dimensional crystal structures.^[@ref19]−[@ref27]^ Low-dimensional MAPbX~3~ perovskites such as quasi-two-dimensional (quasi-2D) perovskites could enhance the light-emitting efficiency of PeLEDs.^[@ref19]−[@ref27]^ Quan et al.^[@ref24]^ reported the improved efficiency of quasi-2D MAPbX~3~ perovskite-based PeLEDs by engineering the crystal domain of the quasi-2D perovskite. A similar concept could also be applied to the CsPbX~3~-based PeLEDs to improve the emitting efficiency.^[@ref25]^ Moreover, Liang et al.^[@ref26]^ demonstrated a near-ultraviolet (UV) (PEA)~2~PbBr~4~ 2D-perovskite PeLED and showed that the external quantum efficiency of near-UV PeLEDs reached 0.038% by controlling the size of the (PEA)~2~PbBr~4~ 2D-perovskite.

Most MAPbX~3~ PeLEDs are prepared by a solution process and demonstrate high emission luminance. A vapor process may be desirable in perovskite LED applications for many reasons, such as the ease of patterning, improved uniformity, and material compatibility. However, published works on the chemical vapor deposition (CVD) of perovskites for LED applications are limited,^[@ref28]−[@ref31]^ and the performance of PeLEDs prepared by CVD remains inefficient with the reported maximum luminance close to 10,000 cd/m^2^.^[@ref28]−[@ref31]^ In this study, MAPbBr~3~ perovskite was converted from a spin-coated lead bromide (PbBr~2~) layer doped with phenethylamine (PEA) via synthesis with precursor vapors made of methylammonium bromide (MABr) and choline chloride (CC) at a low reaction temperature of 60 °C. Zheng et al.^[@ref32]^ reported that quaternary ammonium halide anions and cations could effectively passivate perovskite defects. Thus, we introduced CC as a precursor to passivate crystal defects during perovskite synthesis. We found that doping of the spin-coated PbBr~2~ layer with PEA can modify the crystal formation of perovskite during reaction with MABr and CC precursor vapors. The presence of both PEA and CC in the CVD process could greatly enhance the optoelectronic characteristics of perovskite and the performance of the resulting PeLEDs. The optoelectrical properties of perovskite converted from the PEA-doped PbBr~2~ layer with MABr and CC vapors were evaluated, and the performance of the resulting perovskite PeLEDs was examined in the following sections.

Results and Discussion {#sec2}
======================

Top view scanning electron microscopy (SEM) images in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} show the surface morphology of the spin-coated PbBr~2~ layers with different PEA molar ratios of 0 (PEA-0), 0.003% (PEA-3), 0.008% (PEA-8), and 0.016% (PEA-16) in PbBr~2~ solution. The surface morphology of the spin-coated PbBr~2~ layer without PEA doping (PEA-0) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a reveals polycrystal-like domains with sizes ranging from 0.9 to 0.6 μm. Unlike the case without PEA doping, the spin-coated PbBr~2~ with PEA doping (samples PEA-3 and PEA-8) reveals a very smooth surface as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c when the PEA doping level does not exceed 0.008% molar ratio in PbBr~2~ solution. When the PEA molar ratio in PbBr~2~ solution further increased to 0.016% (sample PEA-16), many regions on the surface of sample PEA-16 shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d developed a nanosized wire structure, and the rest of the area remained flat. The enlarged SEM image of the nanowire region in the inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d shows that the diameter of the nanowire structure was less than 200 nm, while the flat area shows a smooth surface, as seen in the enlarged SEM image of the flat region in the inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The thicknesses of PEA-0, PEA-3, PEA-8, and PEA-16 were determined from their cross-section SEM images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The thickness of PEA-0 was about 65 nm. PEA-3 and PEA-8 presented almost the same thickness of approximately 80 nm, which was larger than that of PEA-0. However, the thicknesses of the nanowire structure region and the smooth region of PEA-16 reached approximately 200 and 130 nm, respectively, which are the largest thickness of the spin-coated PEA-doped PbBr~2~ layer in all samples. From the results of layer thickness of spin-coated PEA-doped PbBr~2~, the amount of PEA doping caused the increase of the layer thickness. However, the PEA molar ratio of 0.016% led to the creation of a nanowire structure area on the surface of PEA-16. It caused dramatic changes in the layer thickness.

![SEM images of the top view of the spin-coated PbBr~2~ layer (a) without PEA in PbBr~2~ solution (PEA-0), and with PEA molar ratios of (b) 0.003% (PEA-3), (c) 0.008% (PEA-8), and (d) 0.016% (PEA-16) in PbBr~2~ solution. Insets of (d) are enlarged SEM images of the nanowires and the flat region of PEA-16.](ao0c00191_0001){#fig1}

![SEM images of the cross-section view of the spin-coated PbBr~2~ layer (a) without PEA in PbBr~2~ solution (PEA-0), and with PEA molar ratios of (b) 0.003% (PEA-3), (c) 0.008% (PEA-8), and (d) 0.016% (PEA-16) in PbBr~2~ solution.](ao0c00191_0002){#fig2}

The optical absorbances and crystallinities of PEA-0, PEA-3, PEA-8, and PEA-16 were determined by measurement of optical absorption and X-ray diffraction (XRD), respectively, which are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The absorbance spectrum of PEA-0 shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a increased rapidly at wavelengths less than 360 nm, which corresponds to the absorption of PbBr~2~. However, the XRD spectrum of PEA-0 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b does not show any PbBr~2~-related peaks except the indium tin oxide (ITO) peaks. The results of absorbance and XRD spectra of PEA-0 suggest that the spin-coated PbBr~2~ without PEA doping may be an amorphous PbBr~2~ layer. Looking back at the polycrystal-like domains on the surface of PEA-0 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a may indicate an agglomeration of amorphous PbBr~2~.

![(a) Absorbance and (b) XRD spectra of spin-coated PbBr~2~ layers with and without PEA doping. Inset of (a) is the enlarged absorbance spectra around the wavelength of 400 nm.](ao0c00191_0003){#fig3}

The absorbance spectra of PEA-3 and PEA-8 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a are nearly identical to that of PEA-0, which only showed a rapid increase in PbBr~2~ absorbance around the wavelength of 360 nm. The XRD spectra of PEA-3 and PEA-8 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b do not show PbBr~2~- or (PEA)~2~PbBr~4~-related peaks, which were similar to the XRD spectrum of PEA-0. This indicates that the spin-coated PEA-doped PbBr~2~ retains its amorphous property when the molar ratio of PEA in PbBr~2~ solution does not exceed 0.008%. The absorbance and XRD spectra of spin-coated PEA-doped PbBr~2~ do not show the presence of (PEA)~2~PbBr~4~ when the molar ratio of PEA in PbBr~2~ solution reaches as high as 0.008%. Besides, when we compared the surface morphology of PEA-0, PEA-3, and PEA-8 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, we found that the PEA molar ratio less than 0.008% would turn the agglomerated surface of amorphous PbBr~2~ to smooth amorphous PbBr~2~. This indicates that a small amount of PEA-related ligand in PbBr~2~ solution may suppress the agglomeration of amorphous PbBr~2~, smoothen the surface of the spin-coated PEA-doped PbBr~2~ layer, and increase the thickness of the spin-coated PEA-doped PbBr~2~. The smooth morphology of these spin-coated PEA-doped PbBr~2~ might be beneficial for the next-step synthesis of perovskite with MABr and CC vapors.

When the PEA molar ratio in PbBr~2~ solution further increased to 0.016%, the absorbance and XRD spectra of spin-coated PEA-doped PbBr~2~ (PEA-16) in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b reveal a (PEA)~2~PbBr~4~-related absorption peak at a wavelength of 400 nm and a diffraction peak at 2θ of 5.2°, respectively. Besides the (PEA)~2~PbBr~4~-related absorption, the sample PEA-16 still revealed PbBr~2~-related absorption around the wavelength of 360 nm. However, the PbBr~2~-related diffraction peaks were not observed in the XRD spectrum of the sample PEA-16. Therefore, we consider this PEA-doped PbBr~2~ layer with 0.016% molar ratio consists of amorphous PbBr~2~ and (PEA)~2~PbBr~4~. The (PEA)~2~PbBr~4~-related absorbance and diffraction peaks of PEA-16 in the absorption and XRD spectra, respectively, might be attributed to the nanowire structure areas on the surface of PEA-16, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The main absorption peak of PbBr~2~ in the absorbance spectrum of PEA-16 should be attributed to the flat areas, which should correspond to amorphous PbBr~2~, on the surface of PEA-16 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. Although the high PEA doping created (PEA)~2~PbBr~4~ in PEA-doped PbBr~2~, Chiang et al.^[@ref31]^ reported that (PEA)~2~PbBr~4~ could also be converted to MAPbBr3 perovskite by reacting with MABr. However, the rough surface of PEA-16 obtained from such a high PEA doping level may degrade the material quality or surface coverage of the synthesized perovskite.

Next, the spin-coated PbBr~2~ thin films fabricated with different PEA doping levels were reacted with precursor vapors of MABr and CC to convert them into perovskite. The vapors of MABr at 60 °C would first react with the surface of spin-coated PEA-doped PbBr~2~ and form a perovskite/PEA-doped PbBr~2~ interface and perovskite on the top. Once the perovskite fully covered the surface of PEA-doped PbBr~2~, the MABr vapor might diffuse through the top perovskite layer to react with unreacted spin-coated PEA-doped PbBr~2~. Besides, the MA ions, Pb ions, and Br ions in the top perovskite and the unreacted PEA-doped PbBr~2~ would mutually diffuse through the perovskite/PEA-doped PbBr~2~ interface to assist the formation of perovskite. Therefore, the perovskite/PEA-doped PbBr~2~ interface could continually move into the PEA-doped PbBr~2~ layer and finally turn the entire PEA-doped PbBr~2~ layer into a perovskite layer. Zheng et al.^[@ref32]^ reported that quaternary ammonium halide anions and cations could effectively passivate perovskite defects. Thus, the CC as a precursor could provide quaternary ammonium halide anions and cations in the vapor--solid reaction process of perovskite to passivate the defects of perovskite and improve the luminance of PeLEDs. In our experiment, we found that CC indeed cooperated in the vapor--solid reaction process of perovskite at a reaction temperature of 60 °C. The participation of CC would ramp up the formation velocity of perovskite, and the formation velocity of perovskite was proportional to the amount of CC. Besides, the incorporation of CC in perovskite would lead to the blue shift of the absorption wavelength of perovskite. Comprehensive studies on the effects of the precursor CC for perovskite formation are still underway. The details of study results of perovskite formation with the CC precursor will be discussed elsewhere. Here, we study only the effects of PEA doping in the PbBr~2~ precursor layer upon the formation of the perovskite and the performance of PeLEDs. Therefore, we fix the weights of precursor CC and MAI at 206.3 and 550 mg for the formation of perovskite in this study.

[Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show the XRD spectra and their top views, respectively, of MAPbBr~3~ perovskites converted from PEA-doped PbBr~2~ with PEA molar ratios of 0, 0.003, 0.008, and 0.016%, which were named PEA-0 PVSK, PEA-3 PVSK, PEA-8 PVSK, and PEA-16 PVSK, respectively. First, the XRD spectra of PEA-0 PVSK, PEA-3 PVSK, and PEA-8 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a were almost identical. All peaks of PEA-0 PVSK, PEA-3 PVSK, and PEA-8 PVSK in the XRD spectra of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a should be attributed to MAPbBr~3~ perovskite and ITO. However, the XRD spectrum of PEA-16 PVSK in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows not only the peaks of MAPbBr~3~ perovskite and ITO but also a clear (PEA)~2~PbBr~4~-related peak at 2θ = 5.2°. The (PEA)~2~PbBr~4~ peak of PEA-16 PVSK should be attributed to the remains of unreacted (PEA)~2~PbBr~4~ found in the precursor layer of PEA-16. This XRD spectrum indicates that PEA-16 PVSK has larger amounts of (PEA)~2~PbBr~4~ in its perovskite layer than PEA-3 PVSK and PEA-8 PVSK. To further make sure of the existence of (PEA)~2~PbBr~4~ in perovskite, we performed grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements on samples of PEA-0 PVSK, PEA-8 PVSK, and PEA-16 PVSK, and their GIWAXS spectra are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The peaks of the GIWAXS spectrum of PEA-0 PVSK should be all related to MAPbBr~3~ and ITO, and could serve as a reference for the GIWAXS spectrum of MAPbBr~3~ without any doping. We first compared the GIWAXS spectra of PEA-0 PVSK and PEA-16 PVSK. PEA-0 PVSK and PEA-16 PVSK both presented a high background signal in low diffraction angles. Therefore, it is hard to recognize the (PEA)~2~PbBr~4~ peak near the diffraction angle of 5° in the GIWAXS spectrum of PEA-16 PVSK, although the XRD spectrum of PEA-16 PVSK shows clear (PEA)~2~PbBr~4~ at 5.2°. We found the extra peaks in the GIWAXS spectra of PEA-16 PVSK other than the peaks of MAPbBr~3~ and ITO by comparing the GIWAXS spectra of PEA-0 PVSK and PEA-16 PVSK beside the low diffraction angle. Those extra peaks were probably attributed to (PEA)~2~PbBr~4~. By comparing the GIWAXS spectra of PEA-8 PVSK and PEA-16 PVSK, we could find peaks that corresponded to (PEA)~2~PbBr~4~ in the GIWAXS spectrum of PEA-8 PVSK. Therefore, one can say that (PEA)~2~PbBr~4~ was in PEA-8 PVSK. PEA might randomly distribute in the precursor layer of PEA-8 because there is no (PEA)~2~PbBr~4~-related peaks in the PEA-8 XRD spectrum. However, the perovskite and (PEA)~2~PbBr~4~ crystals simultaneously formed when MABr and CC vapors reacted with the amorphous PEA-8 precursor layer. The simultaneous formation of the perovskite and (PEA)~2~PbBr~4~ crystals might benefit the morphology and the quality of the perovskite layer.

![(a) XRD and (b) GIWAXS spectra of perovskite converted from spin-coated PbBr~2~ with different PEA molar ratios in PbBr~2~ solution.](ao0c00191_0004){#fig4}

![SEM images of the top view of perovskites converted from a spin-coated PbBr~2~ layer (a) without PEA in PbBr~2~ solution (PEA-0 PVSK) and with PEA molar ratios of (b) 0.003% (PEA-3 PVSK), (c) 0.008% (PEA-8 PVSK), and (d) 0.016% (PEA-16 PVSK) in PbBr~2~ solution. Insets of (d) are enlarged SEM images of the nanowires and the flat region of PEA-16 PVSK.](ao0c00191_0005){#fig5}

It is also important to know the surface morphologies of perovskite converted from different PEA-doped PbBr~2~, which were studied by SEM. The surface of PEA-0 PVSK with a thickness of 140 nm in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the typical polycrystalline morphology of perovskite with an average grain size of 0.18 μm. The top view image of PEA-0 PVSK shows lots of high-angle grain boundaries between grains because the misorientations between grains were large. The surface of PEA-3 PVSK in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the polycrystalline morphology of perovskite with an average grain size of 0.12 μm, which is smaller than that of the PEA-0 PVSK case. However, the misorientations between the shrunk grains remained large because PEA-3 PVSK contained many high-angle grain boundaries, which were higher than that of PEA-0 PVSK. The thickness of PEA-3 PVSK is approximately 130 nm. Zhang et al.^[@ref33]^ reported that the presence of PEA in the perovskite precursor solution suppresses the crystal growth of perovskite and reduces the grain size of the resulting crystals. Cheng et al.^[@ref34]^ also reported how the addition of PEABr to the CsPbBr~3~ precursor solution affects the growth mechanism of spin-coated CsPbBr~3~. Cs^+^ is partially replaced by PEA^+^ at the grain boundaries, which limits the grain growth of perovskite. We observed the same mechanisms in the present work from comparing the top view SEM images of PEA-0 PVSK and PEA-3 PVSK. Although a low amount of PEA was doped in the solid-phase PbBr~2~ layer, PEA^+^ may also replace some of the MA^+^ in the grain boundaries during the reaction with MABr and CC vapor, which reduces the grain size of the MAPbBr~3~ perovskite.

An increase of the PEA molar ratio to 0.008% in PbBr~2~ solution did not further reduce the grain size of perovskite converted from the spin-coated PEA-doped PbBr~2~ precursor layer. The morphology of PEA-8 PVSK totally differed from those of PEA-0 PVSK and PEA-3 PVSK. However, the thickness of PEA-8 PVSK was similar to those of PEA-0 PVSK and PEA-3 PVSK (130 nm). The morphology of PEA-8 PVSK in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c presents a highly condensed layer and continuous, orientation-aligned crystals with a step-flow morphology and a large grain size. PEA-8 PVSK shows much less high-angle grain boundaries than PEA-0 PVSK and PEA-3 PVSK. Increasing PEA doping in spin-coated PbBr~2~ not only smoothened the surface of spin-coated PbBr~2~ but also effectively suppressed the misorientation of polycrystals after conversion to perovskite. In previous studies, the PEA-related ligands suppressed the grain growth of perovskite;^[@ref19]−[@ref27],[@ref33],[@ref34]^ it could not improve the misorientation between the grains of the perovskite. However, in our observation here, the proper amounts of PEA doping in spin-coated PbBr~2~ may act as a surfactant during the reaction with MABr and CC vapors, thereby enhancing the migration of PbBr~2~ and MABr during the formation of perovskite at a low reaction temperature of 60 °C to improve the coalescence and alignment of orientation of crystals. Furthermore, the results of XRD and GIWAXS studies confirmed that perovskite and (PEA)~2~PbBr~4~ crystals are simultaneously formed when MABr and CC vapors reacted with the amorphous spin-coated PEA-doped PbBr~2~. This (PEA)~2~PbBr~4~ might be able to assist the crystal coalescence and alignment of perovskite growth. The improved surface morphology of PEA-8 PVSK may enhance the optoelectrical properties of the perovskite.

When the molar ratio of PEA in PbBr~2~ solution is as high as 0.016%, (PEA)~2~PbBr~4~-related nanowires appear on the surface of the spin-coated PEA-doped PbBr~2~ precursor layer. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d shows the surface SEM image of perovskite (PEA-16 PVSK) converted from spin-coated PEA-doped PbBr~2~ with (PEA)~2~PbBr~4~-related nanowires on its surface; insets of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d present the enlarged images of the nanowire and flat areas of PEA-16 PVSK. Nanosized perovskite grew on the (PEA)~2~PbBr~4~-related nanowires, as shown in the inset of the enlarged image of the nanowire area in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. The nanosized perovskite in the nanowire region in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d might be directly converted from (PEA)~2~PbBr~4~. The flat areas of spin-coated PEA-doped PbBr~2~ in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d were converted into several perovskite branches in the inset of the enlarged image of the flat area in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d, which was caused by the high content of PEA, and these branches reduced the surface coverage of the perovskite film. The thicknesses of perovskite in the nanowire region and the flat surface were 600 and 180 nm, respectively. Therefore, the surface of PEA-16 PVSK presents the roughest surface morphology. Combining the results of XRD and SEM observations of PEA-16 PVSK, we concluded that the (PEA)~2~PbBr~4~-related peak in the XRD spectrum of PEA-16 PVSK could be attributed to the residual (PEA)~2~PbBr~4~-related nanowires in the nanowire area. However, the rough surface and the reduced surface coverage of PEA-16 PVSK might decline the performance of PeLEDs.

The absorption, photoluminescence (PL), and time-resolved PL (TRPL) measurements were performed on perovskite converted from different PEA doping levels of PbBr~2~ to understand their optoelectrical properties. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the absorbance spectra, PL spectra, and TRPL decay curves of all perovskite samples. The absorbance spectrum of PEA-0 PVSK in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows a steep increase of absorbance around the wavelength of 510 nm. PEA-3 PVSK and PEA-8 PVSK presented almost the same absorbance spectrum in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a with the absorption edge around 490 nm, which was less than the absorption edge of PEA-0 PVSK. The blue shift of the absorption edge of perovskite converted from PEA-doped PbBr~2~ might be because of the crystal size reduction of perovskite. However, the absorption onset of PEA-16 PVSK was around 510 nm, and the perovskite slowly increased its absorbance around 490 nm. The low slope of absorption edge of PEA-16 PVSK could be attributed to the nanosized perovskite on (PEA)~2~PbBr~4~-related nanowires and nanosized perovskite branches, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. Besides, the absorption curve of PEA-16 PVSK showed a very small absorbance variation at a wavelength near 400 nm, which could be considered as the absorption of (PEA)~2~PbBr~4~. The PL spectra of all perovskite samples are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The PL wavelength of perovskite without PEA doping is 514.2 nm. The PL wavelength slightly shifted from 514 to 512 nm as the PEA molar ratio increased to 0.008%. This shift could be attributed to the formation of (PEA)~2~PbBr~4~ in perovskite and modification of the grain size of perovskite with a small PEA molar ratio. Among the samples, the PEA-16 PVSK case showed the shortest PL wavelength of 506 nm because the high PEA content causes the formation of nanosized perovskite on the (PEA)~2~PbBr~4~-related nanowires and nanosized perovskite branches, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. In addition to the shift of the PL emission peak wavelength of perovskite, the perovskites showed maximum PL emission intensity when the PEA molar ratio was 0.008%, but this intensity sharply declined to less than that of PEA-0 PVSK when the PEA molar ratio exceeded 0.016%. The increase in the PL intensity of PEA-8 PVSK case implies improvements in the quality of the perovskite. Insets of [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b show the photographs of PEA-0 PVSK and PEA-8 PVSK at ambient light and under UV flashlight exposure at a peak wavelength of 365 nm. The PEA-8 PVSK shows a stronger green emission than PEA-0 PVSK under irradiation of UV flashlight. We performed the TRPL measurement on all perovskite samples converted from PbBr~2~ with and without PEA doping to further understand their carrier recombination properties and fitted TRPL decay curves of all samples to extract the decay time of perovskite. The TRPL decay curves and their fitting curves of all perovskite samples are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. The PEA-0 PVSK case revealed a short TRPL decay time (τ~1~) and a long TRPL decay time (τ~2~) of 3.12 and 9.78 ns, respectively. Previous studies reported that the short TRPL decay time τ~1~ is caused by the bimolecular recombination of photogenerated free carriers, and the long TRPL decay time τ~2~ is mainly contributed by trap-assisted recombination.^[@ref35],[@ref36]^ The τ~2~ of perovskite increased from 9.78 to 16.17 ns as the PEA molar ratio increased from 0 to 0.008%. Two phenomena might cause PEA-8 PVSK to have the best PL emission intensity and the longest decay time of TRPL. First, PEA-8 PVSK might have improved material quality because PEA-8 PVSK shows much less high-angle grain boundaries than those of PEA-0 PVSK and PEA-3 PVSK. Second, both PEA and CC would passivate the defects of perovskite.^[@ref19]−[@ref27],[@ref32]^ These two phenomena may be associated with the reduction of defect-assisted recombination in perovskite, thereby enhancing the PL emission intensity and prolonging the τ~2~ of TRPL of perovskite. However, when the PEA molar ratio reached 0.016%, the surface morphology of perovskite deteriorated, and perovskite branches formed. This phenomenon resulted in the degradation of the film quality of the perovskite and reduced its τ~1~ and τ~2~ to 1.54 and 6.05 ns, respectively. Therefore, the strongest PL intensity and the longest decay time of TRPL of PEA-8 PVSK might indicate better light-emitting properties than the rest of the perovskite samples.

![(a) Absorbance spectra, (b) PL spectra, and (c) TRPL decay curves of all perovskites converted from spin-coated PbBr~2~ with different PEA molar ratios in PbBr~2~ solution. Insets (b1,b2) in (b) are photographs of PEA-0 PVSK and PEA-8 PVSK without and with UV flashlight exposure at a peak wavelength of 365 nm, respectively.](ao0c00191_0006){#fig6}

Proper PEA doping in spin-coated PbBr~2~ helps improve the crystal quality and optical properties of perovskite after its reaction with MABr and CC precursor vapors. Therefore, PeLEDs with PEA-0 PVSK, PEA-3 PVSK, PEA-8 PVSK, and PEA-16 PVSK were produced to understand how changes in the PEA molar ratio affect the optoelectrical properties of PeLEDs. PeLEDs with PEA-0 PVSK, PEA-3 PVSK, PEA-8 PVSK, and PEA-16 PVSK were denoted PEA-0 PeLED, PEA-3 PeLED, PEA-8 PeLED, and PEA-16 PeLED, respectively. The scheme of the PeLED structure is shown in the inset of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} presents the current density--brightness--voltage (*J*--*L*--*V*) curves and the current efficiency--current density curves of the PeLED samples. PEA-0 PeLED, PEA-3 PeLED, and PEA-8 PeLED showed similar typical *J*--*V* characteristics. At a forward bias below 2.5 V, the current density of the PeLEDs decreased with increasing PEA molar ratios. Increases in the PEA molar ratio may result in highly dense perovskite films and improve the quality of perovskite to effectively suppress the forward leakage current density of PeLEDs under a small forward bias. However, when the PEA molar ratio was as high as 0.016%, the surface morphology of perovskite deteriorated, and perovskite branches were formed; thus, *J*--*V* characteristic of PEA-16 PeLED in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a revealed a very high forward leakage current density under a forward bias less than 2.5 V. PEA-8 PeLED has the optimized *J*--*V* characteristic. The electroluminescence (EL) spectra of all PeLEDs showed nearly the same peak wavelength of 516 nm. The PL peak wavelength of perovskite showed a blue shift with increasing PEA molar ratio, but the EL peak wavelength of PeLEDs remained at approximately 516 nm despite the increase in the PEA molar ratio. The reason behind this phenomenon remains unknown. The possible reason for this phenomenon might be that the injected carrier flowed through a low energy level MAPbBr~3~ region such as the branched MAPbBr~3~ region of the PEA-16 PeLED and recombined in that region to emit a wavelength of 516 nm.

![(a) *J*--*L*--*V* and (b) current efficiency--current density curves of all PeLED samples. The scheme of the PeLED structure is shown in the inset of (b).](ao0c00191_0007){#fig7}

From observation of the EL properties of all PeLEDs, it was found that the PEA-3 PeLED showed lower luminance and current efficiency than the PEA-0 PeLED at all applied biases, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. A PEA molar ratio of 0.003% in PbBr~2~ reduced the grain size of perovskite, but the misorientation between grains is still large and then induced lots of high-angle boundaries. In this case, the small crystal size of the perovskite created a large number of grain boundaries in the perovskite, but the total amounts of PEA in spin-coated PbBr~2~ and CC in precursor vapors may be insufficient to passivate defects in perovskite grains and grain boundaries, which would also have resulted in a shorter TRPL decay time than that of perovskite converted from PbBr~2~ without PEA doping. Therefore, the PEA-3 PeLED showed a maximum luminance and current efficiency of only 3840 cd/m^2^ and 0.86 cd/A, respectively, at an applied voltage of 8 V; these values, however, are less than those of PEA-0 PeLED (4070 cd/m^2^ and 1.26 cd/A, respectively), at the same bias. When the PEA molar ratio was as high as 0.016%, the surface morphology of perovskite deteriorated, and perovskite branches formed. This phenomenon deteriorates the intensity of PL and the decay time of TRPL decay of PEA-16 PVSK. Besides, the reduced surface coverage of perovskite in the perovskite branch region of PEA-16 PVSK caused a severe leakage current in the low bias region. It implies that most of the injected carrier flowed through those partially covered perovskite regions of PEA-16 PVSK. Consequently, among the samples, the PEA-16 PeLED showed the lowest luminance and current efficiency at all applied biases. In the best scenario, the perovskite was transformed into a low misorientation of polycrystals with large grains in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c when the PEA molar ratio was at an optimized value of 0.008% in our study. The large grains and the low misorientation of polycrystals of perovskite may effectively reduce the presence of defects. Moreover, the optimized PEA in the spin-coated PbBr~2~ film and CC in precursor vapors may be sufficient to passivate defects in the grains and grain boundaries of perovskite. The strongest PL intensity and the longest TRPL decay time presented remarkable enhancements in the optical properties of the PEA-8 PVSK case. Therefore, the PEA-8 PeLED demonstrates great improvements in luminance and current efficiency at all applied biases compared with the PEA-0 PeLED. The maximum luminance and current efficiency of the PEA-8 PeLED were 20,869 cd/m^2^ and 3.99 cd/A, respectively; which are approximately five and three times larger than those of the PEA-0 PeLED. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} lists several results of reported PeLEDs prepared by the solution process and the CVD process to compare with our PeLED results. The luminance and current efficiency of the PEA-8 PeLED are still less than the PeLEDs prepared by the solution process. However, the performances of the PEA-8 PeLED were better than those of CVD-prepared PeLEDs.

###### Several Collections of the Reported Performances of PeLEDs fabricated by the Solution Process and the CVD Process

  material    synthesized method   EL wavelength (nm)   current efficiency (cd/A)   Maximum luminance (cd/m^2^)   ref. no.
  ----------- -------------------- -------------------- --------------------------- ----------------------------- ------------
  MAPbBr~3~   Solution             540                  15.9                        70,000                        ([@ref18])
  MAPbBr~3~   Solution             535                  55.5                        55,400                        ([@ref37])
  MAPbBr~3~   Solution             530                  16.4                        17,600                        ([@ref38])
  MAPbBr~3~   Solution             520                  15.1                        30,100                        ([@ref39])
  MAPbBr~3~   Solution             540                  28.9                        22,800                        ([@ref40])
  MAPbBr~3~   CVD                  530                  0.08                        560                           ([@ref29])
  MAPbBr~3~   CVD                  532                  8.16                        6530                          ([@ref30])
  MAPbBr~3~   CVD                  531                  1.3                         6200                          ([@ref31])
  MAPbBr~3~   CVD                  516                  3.99                        20,896                        this work

Conclusions {#sec3}
===========

In summary, we prepared spin-coated PbBr~2~ with different levels of PEA doping by varying the PEA molar ratio in PbBr~2~ solution to modify the growth of perovskite and then reacting the resultant products with MABr and CC precursor vapors. The spin-coated PbBr~2~ became very smooth when PEA molar ratios were not larger than 0.008% in PbBr~2~ solution. However, the surface of the spin-coated PbBr~2~ revealed (PEA)~2~PbBr~4~-related nanowires when the PEA molar ratio was as high as 0.016%. Therefore, the surface morphology of perovskite deteriorated, and perovskite branches formed when the perovskite was converted from this PEA-doped spin-coated PbBr~2~ with (PEA)~2~PbBr~4~-related nanowires. Consequently, among the samples prepared, the PEA-16 PeLED revealed the lowest luminance and current efficiency at all applied biases. In contrast, the smooth PbBr~2~ with a PEA molar ratio of 0.008% could be converted into large-grained and with low misorientation of polycrystals of perovskite via reaction with precursor vapors made of MABr and CC. This phenomenon could effectively improve the crystal quality of the perovskite. The amounts of PEA in the spin-coated PbBr~2~ film at a PEA molar ratio of 0.008% in PbBr~2~ solution and CC in the precursor vapor together may be sufficient to passivate defects in the grains and grain boundaries of perovskite. Therefore, the optical properties of perovskite could be improved by introducing a PEA molar ratio of 0.008% to the PbBr~2~ solution. The PEA-8 PeLED showed great improvements in the luminance and current efficiency at all applied biases compared with the PEA-0 PeLED. The maximum luminance and current efficiency of PEA-8 PeLED were 20,869 cd/m^2^ and 3.99 cd/A, respectively; which are approximately five and three times larger than those of PEA-0 PeLED. By using a PEA dopant in the PbBr~2~ layer, we successfully pushed the maximum luminance of perovskite-based LEDs to over 20,000 cd/m^2^ at a low reaction temperature of 60 °C.

Experiments {#sec4}
===========

An ITO/glass with a thickness of 140 nm ITO was prepared as the PeLED substrate. We dripped NiO solution (prepared using nickel (II) formate dihydrate, ethanolamine, ethylenediamine, and ethylene glycol) on the ITO/glass and then spun it at 4500 rpm for 90 s. The spin-coated NiO was then post-annealed at 400 °C for 10 min to form a 10 nm-thick NiO hole transfer layer on the ITO/glass. Prior to deposition of the PEA-doped PbBr~2~ layer, we prepared a PbBr~2~ and PEA mixed solution by dissolving PbBr~2~ and PEA in dimethyl sulfoxide (DMSO; 99.9%; Sigma-Aldrich) for spin-coating PEA-doped PbBr~2~ on the NiO layer. We added 183.5 mg of PbBr~2~ with a purity of 99.999%, which was purchased from Sigma-Aldrich, to 500 μL DMSO. Liquid PEA (99%; Sigma-Aldrich) with volumes of 2, 5, and 10 μL was then mixed with the PbBr~2~ solution to form PEA-doped PbBr~2~ solutions with PEA/PbBr~2~ molar ratios of 0.003, 0.008, and 0.016%, respectively. PbBr~2~ layers with different amounts of PEA doping were prepared from those PEA-doped PbBr~2~ solutions with PEA molar ratios of 0, 0.003, 0.008, and 0.016%. We dripped PEA-doped PbBr~2~ solutions with different PEA molar ratios on the NiO/ITO/glass. We initially rotated the NiO/ITO/glass covered with PEA-doped PbBr~2~ solution at 500 rpm for 7 s and then ramped up the rotation speed to 7000 rpm for 70 s. The PEA-doped spin-coated PbBr~2~/NiO/ITO/glass was then baked at 60 °C for 10 min to form a PEA-doped PbBr~2~ layer with thickness ranging from 65 to 200 nm.

After deposition of PbBr~2~ with different PEA doping concentrations, samples of PEA-doped spin-coated PbBr~2~/NiO/ITO/glass were transferred to a quartz furnace to synthesize the perovskite film by using mixed precursor vapors of MABr (Greatcell Solar Materials) and CC (\>99%; Sigma-Aldrich) via the vapor--solid reaction of the spin-coated PbBr~2~ layer with different PEA doping amounts. The MABr (550 mg) and CC (206.3 mg) powders were placed near the samples on a quartz boat to achieve a temperature identical to the synthesis temperature. MAPbBr~3~ perovskite was synthesized at a furnace temperature of 60 °C and a working pressure of 1 Torr for 3 h. A MAPbBr~3~ layer with a thickness of approximately 130 nm was formed on glass/ITO/NiO. The perovskites converted from PEA-doped PbBr~2~ with PEA molar ratios of 0, 0.003, 0.008, and 0.016% were denoted PEA-0 PVSK, PEA-3 PVSK, PEA-8 PVSK, and PEA-16 PVSK, respectively. 2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-*H*-benzimidazole) (70 nm; \>99%; Solenne, the Netherlands), lithium fluoride (1 nm), and Al (80 nm) were thermally deposited on the CH~3~NH~3~PbBr~3~ layer inside a vacuum chamber (10^--6^ Torr) to complete the PeLED structure. All fabricated PeLEDs had an active area of 0.06 cm^2^. PeLEDs with perovskite layers converted from spin-coated PbBr~2~ with PEA molar ratios of 0, 0.003, 0.008, and 0.016% were designated PEA-0 PeLED, PEA-3 PeLED, PEA-8 PeLED, and PEA-16 PeLED, respectively.

The material and optoelectrical properties of the spin-coated PbBr~2~ layers with different PEA doping amounts and resulting perovskites, such as their morphology, material quality, and PL, were characterized by SEM (HITACHI SU8000), XRD, GIWAXS \[D8 DISCOVER with the General Area Detector Diffraction System (GADDS), Bruker AXS GmbH\], absorption, and PL measurements. Current density--brightness--voltage (*J*--*L*--*V*) measurements were carried out using a Keithley 2400 source measurement unit and a Keithley 2000 digital multimeter. The intensity of EL of PeLEDs was recorded using a silicon photodiode (Hamamatsu S2387, Japan), calibrated with a PR655 spectrophotometer (Photo Research, USA). Measurements of the *J*--*L*--*V* curves were carried out inside a nitrogen-filled glove box with oxygen and moisture levels \<1 ppm.
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